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A M E R I C A N  J O U R N A L  O F  B O T A N Y
R E S E A R C H  A R T I C L E
 Th e Irano-Turanian region harbors three main global biodiversity 
hotspots ( Takhtajan, 1986 ;  Micó et al., 2009 ;  Manafzadeh et al., 
2016 ). With ~900 species, this region is also one of the world’s 
hotspots for Brassicaceae diversity ( Koch and Kiefer, 2006 ). Within 
the Western Irano-Turanian region,  Davis (1971) defi ned a fl oristic 
break called the Anatolian Diagonal. Th e diagonal runs from the 
rain-shadow of the Pontic mountains going southwest toward the 
Anti-Taurus ( Davis, 1971 ). Th e species diversity seen in the Irano-
Turanian region and along the Anatolian Diagonal can be corre-
lated with past tectonic events. Th e formation of the Alborz, Zagros, 
and Kopeh-Dagh mountain ranges in Iran, and the Taurus and 
Pontic mountain ranges in Turkey, are all part of the Alpine orog-
eny, due to collisions of the African and Arabian plates with the 
Eurasian plate ( Davis, 1971 ;  Karl and Koch, 2013 ). In particular, 
the collision of the Arabian plate with the Eurasian plate during the 
Miocene accelerated the uplift  of the Alborz, Zagros, and Kopeh-
Dagh mountains and the lift ing of the Iranian and Anatolian pla-
teaus ( Manafzadeh et al., 2016 ). Th e formation and uplift  of these 
areas caused an aridifi cation of the Irano-Turanian region. In addi-
tion, the Irano-Turanian region became a melting pot of the cli-
matic features of its surrounding regions ( Djamali et al., 2012 ; 
 Manafzadeh et al., 2016 ). Th is makes the Irano-Turanian region a 
place where species borders cross each other, allowing many spe-
cies to co-occur and hybridize. 
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 PREMISE OF THE STUDY: The Irano-Turanian region harbors three biodiversity hotspots and ~25% of Brassicaceae species are endemic to the region. 
 Aethionema (~61 species) is the sister lineage to the core Brassicaceae and occurs mainly in the Irano-Turanian region. The evolutionary important 
position of  Aethionema makes it an ideal reference for broader comparative genetics and genomics. To understand the evolution of  Aethionema, and 
for a broader understanding of crucifer evolution, a time-calibrated phylogenetic tree and biogeographical history of the genus is needed. 
 METHODS: Seventy-six plastome coding regions and nuclear rDNA genes, mainly from herbarium material, covering 75% of all  Aethionema species, were 
used to resolve a time-calibrated  Aethionema phylogeny. The diff erent clades were characterized based on four morphological characters. The ancestral 
area of  Aethionema was estimated with historical biogeographical analyses. 
 KEY RESULTS: Three well-supported major clades within  Aethionema were resolved. The ancestral area reconstruction and divergence-time estimates are 
consistent with major dispersal events during the Pliocene from the Anatolian Diagonal. 
 CONCLUSIONS: We fi nd that most  Aethionema lineages originated along the Anatolian Diagonal, a fl oristic bridge connecting the east to the west, during 
the Pliocene. The dispersal of  Aethionema correlates with the local geological events, such as the uplift of the Anatolian and Iranian plateaus and the for-
mation of the major mountain ranges of the Irano-Turanian region. Knowing the paleo-ecological context for the evolution of  Aethionema , in addition to 
the other lineages of Brassicaceae, facilitates our broader understanding for trait evolution and species diversifi cation across the Brassicaceae. 
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 Although the Irano-Turanian region has been suggested as the 
cradle of the Brassicaceae family ( Franzke et al., 2011 ) only a few 
molecular biogeographic studies cover this region. Th ey include the 
genus  Ricotia ( Özüdoğru et al., 2015 ) and the tribe Arabideae 
( Ansell et al., 2011 ;  Karl et al., 2012 ;  Karl and Koch, 2013 ). Th ere are 
only a few other studies covering the biogeographic history of 
Anatolian and Irano-Turanian plants (e.g.,  Font et al., 2009 ; 
 Manafzadeh et al., 2016 ), though several animal groups are better 
represented (e.g.,  Bilgin et al., 2006 ;  Gül, 2013 ). Th erefore, more 
studies are needed in this area to understand both historical bio-
geographic patterns and the evolution of ecologically important 
plant characters. 
 Th e plant family Brassicaceae (Cruciferae), or mustard family, 
contains several important vegetable crops (cabbage, broccoli, cau-
lifl ower, turnip, etc.) and several model plant species, among which 
 Arabidopsis thaliana (L.) Heynh. is the best known. Th e Brassica-
ceae phylogeny is clearly split into a larger core clade with 324 gen-
era and 3680 species ( Al-Shehbaz, 2012 ) and a much smaller sister 
clade, containing only the genus  Aethionema W. T. Aiton (61 spe-
cies,  Th e Plants List, 2010 ;  Beilstein et al., 2006 ,  2008 ;  Couvreur 
et al., 2009 ;  Franzke et al., 2009 ;  Huang et al., 2015 ). Th e divergence 
between  Aethionema and the Brassicaceae core group occurred 
sometime during the Eocene, between 32–54 Mya ( Beilstein et al., 
2010 ;  Huang et al., 2015 ;  Hohmann et al., 2015 ;  Edger et al., 2015 ). 
Although the ages in  Beilstein et al. (2010) and  Edger et al. (2015) 
represent the outer limits for the divergence time, their confi dence 
intervals overlap with the mentioned late Eocene divergence of the 
other studies ( Hohmann et al., 2015 ;  Huang et al., 2015 ). A more 
recent study ( Cardinal-McTeague et al., 2016 ) suggests that the most 
recent common ancestor of all extant Brassicaceae originated some-
where in the broad geographical region of Europe, Mediterranean 
Africa, Saharo-Arabian, and/or Irano-Turanian regions during the 
middle Eocene (~43 Mya). Th us, more information about the ori-
gin of  Aethionema could bring us a step closer in understanding the 
still unclear origin of the Brassicaceae family. 
 Aethionema occurs mainly in the western Irano-Turanian region 
( Hedge, 1965 ;  Manafzadeh et al., 2016 )—the hypothesized but not 
proven center of origin for Brassicaceae ( Hedge, 1976 ;  Al-Shehbaz 
et al., 2006 ;  Couvreur et al., 2009 ;  Warwick et al., 2010 ;  Franzke 
et al., 2011 ).  Aethionema species have ovate or linear leaves, are 
mainly perennial (although fi ve species are annual), have mainly 
angustiseptate (flattened parallel to septum) dehiscent fruits 
(though some species also have indehiscent fruits making them 
heterocarpic) and some species produce spines ( Prantl, 1891 ;  Lenser 
et al., 2016 ). Th e base chromosome number of  Aethionema is likely 
seven or eight, although this can go up to  x = 24 because of poly-
ploidy events ( Warwick and Al-Shehbaz, 2006 ). Th e comparison of 
the now available genome of  Aethionema arabicum (L.) Andrz. ex 
DC. ( Haudry et al., 2013 ) to the genomes of the Brassicaceae core 
group showed that  Aethionema and the rest of the Brassicaceae 
share the At-alpha whole genome duplication ( Edger et al., 2015 ), 
have methionine-derived glucosinolates ( Hofb erger et al., 2013 ) 
and positionally conserved long noncoding RNAs, and other con-
served noncoding sequences ( Haudry et al ., 2013 ;  Mohammadin 
et al., 2015 ). Hence,  Aethionema shares the known cruciferous syn-
apomorphic traits with the Brassicaceae core group. Th e evolution-
ary important position of  Aethionema, in addition to the other 
major lineages of the Brassicaceae, facilitates its use in a compara-
tive framework to understand trait evolution and speciation across 
the Brassicaceae. 
 The phylogenetic position of the genus  Aethionema histori-
cally has been uncertain. It was assigned to the tribe/subtribe of 
Sinapeae/Cochleariinae ( Prantl, 1891 ), Lepidieae/Iberidinae ( Hayek, 
1911 ), and Lepidieae/Th laspidinae ( Schulz, 1936 ;  Janchen, 1942 ). 
Based on the chloroplast  rbcL gene,  Price et al. (1994) were the fi rst 
to infer the sister group relationship of  Aethionema with the core 
Brassicaceae. Th is phylogenetic position has been corroborated by 
additional studies ( Bailey et al., 2006 ;  Beilstein et al., 2006 ,  2008 ; 
 Franzke et al., 2009 ;  Couvreur et al., 2009 ;  Warwick et al ., 2010 ). 
However, fi ve traditionally recognized  Aethionema species have 
been synonymized into the Brassicaceae core-group genus  Noc-
caea :  N. trinervia, N. oppositifolia, N. iberidea, N. rotundifolia , and 
 N. apterocarpa ( Al-Shehbaz, 2012 ). Th ese species were moved 
based on the lack of  Aethionema specifi c morphological synapo-
morphies ( Al-Shehbaz, 2012 ).  Al-Shehbaz et al. (2006) were the 
fi rst to recognize the tribe Aethionemeae, consisting of the genera 
 Aethionema and  Moriera . However, as  Prantl (1891) and  Komarov 
(1939) already suggested,  Moriera is now a synonym of  Aethionema 
( Al-Shehbaz, 2012 ) making Aethionemeae a unigeneric tribe. 
 Lenser et al. (2016) recently presented the fi rst  Aethionema phy-
logeny from 38 species, based only on one chloroplast gene ( rbcL-a ) 
and an intergenic spacer ( trnL-F ). Although their phylogeny had a 
resolved backbone discerning the three clades A, B, and C, the rela-
tionships within these clades were poorly resolved. Th ey also ob-
served that annual life form originated once and that heterocarpic 
infructescence had two independent origins and hypothesized the 
ecological correlation of these two characteristics ( Lenser et al., 
2016 ). However, a more robust phylogeny based on more markers 
from the diff erent genomes and an ancestral character reconstruc-
tion is needed to test these observations. 
 Here we present a comprehensive phylogenomic framework of 
 Aethionema based on whole plastome and nuclear ribosomal DNA 
sequences generated mainly from herbarium specimens. Th e mix-
ture of high species coverage with a large number of molecular 
markers allows us to address the following questions: (1) do the 
 Aethionema clades correlate to morphological characteristics, e.g., 
leaf shape and heterocarpism? (2) What is the divergence time of 
 Aethionema ? (3) Does the biogeographical distribution and history 
of  Aethionema correlate with geological and climatic conditions of 
the Irano-Turanian region? Knowing the phylogenetic and biogeo-
graphical history of  Aethionema species divergences adds a piece to 
the puzzle to better understand the paleo-ecological context of cru-
cifer diversifi cation. 
 MATERIALS AND METHODS 
 Taxon sampling, sequencing and assembly — We sampled 50 dif-
ferent  Aethionema species ( A. turcicum and  A. transhyrcanum con-
sisted of two samples each), fi ve species of  Noccaea ( N. trinervia ,  N. 
oppositifolia ,  N. iberidea ,  N. rotundifoli , and  N. apterocarpa ) for-
merly classifi ed in  Aethionema , and an outgroup species— Cleome 
droserifolia , from the sister family Cleomaceae. Th irty-nine of these 
58 accessions were sampled from herbaria with the oldest one,  A. 
membranaceum , collected in 1867 and the youngest in 2008 (Ap-
pendix S1, see the Supplemental Data with this article). Nineteen 
out of the 58 samples were silica-dried samples collected in the fi eld 
(Appendix S2). 
 Th e DNA was isolated, and libraries were prepared in two batches 
named as ‘Copenhagen’ and ‘Missouri’, based on the location 
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where the samples were sequenced (Appendix S2). Th e DNA isola-
tion, library preparation, and sequencing for the ‘Copenhagen’ 
samples were done according to  Bakker et al. (2015) . Th e DNA iso-
lation and library preparation for the ‘Missouri’ samples were con-
ducted as follows. Leaves collected from the Missouri Botanical 
Garden Herbarium were ground with pestle and mortar in liquid 
nitrogen and kept at −20 ° C until further use. Th e DNA was isolated 
with the Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Ger-
many). Quality and quantity checks were done on a NanoDrop 
1000 spectrophotometer (Th ermo Fisher Scientifi c, Wilmington, 
Delaware). Th e DNA was eluted with 7% demi-water, sheared us-
ing sonication in time laps of 7.5 min alternating every 30 s on and 
off , and concentrated with the Qiagen Qiaquick PCR purifi cation 
microcentrifuge kit (Qiagen, Hilden, Germany). Library prepara-
tion was done with the Illumina TruSeq TM DNA Sample Prepara-
tion kit (Illumina, San Diego, California) using the Low-Th roughput 
protocol following the manufacturer’s instructions with an insert 
size varying between 300–500 bp. Th e fi nal quality check before se-
quencing was done on a Bioanalyzer (Agilent Technologies, Santa 
Clara, California). Th e samples were sequenced on the Illumina 
HiSeq-2000 with paired-end 100 bp reads at the sequencing core of 
the University of Missouri in 2011. 
 Both sample batches were assembled using IOGA v1.6 ( Bakker 
et al., 2015 ). Iterative organellar genome assembly (IOGA) is an it-
erative assembly pipeline that uses a reference fi le to assemble a 
genomic component. To assemble the plastid genomes (plastomes), 
we used the same reference plastomes as in  Bakker et al. (2015) . For 
the nuclear rDNA regions, we used the  Brassica rapa complete 
rDNA downloaded from NCBI GenBank (gb code: KM538956.1; 
National Center for Biotechnology Information, U.S. National Li-
brary of Medicine, Bethesda, Maryland). Samples with fewer than 
92,784 reads were discarded. Samples with more than 26 million 
reads were subsampled before assembly using ‘seqtk’ (seed = 100, 
subsample size =1,000,000). Appendix S2 contains the assembly 
summaries.  Aethionema diastrophis, A. kopetdaghi, A. caespitosum, 
A. marashicum , and  A. papillosum did not have enough read cover-
age for assembly and were hence discarded. Aft er assembly, there 
were a total of 46  Aethionema species, the 5  Noccaea species, and 
the outgroup species  Cleome droserifolia . 
 Annotations, alignment and data matrix construction — Th e chlo-
roplasts were annotated using the  Arabidopsis thaliana chloroplast 
as a reference with the annotation tool of Geneious V8.8 ( Kearse 
et al., 2012 ), with a similarity cut-off  of 75%. Th is resulted in 71 
protein coding genes, 20 tRNAs, and 3 rRNAs for every accession. 
For downstream analyses, we used only the protein coding genes 
and excluded the introns having a total of 76 coding sequences. In 
addition to our samples, we added full plastome data of the 27 core 
Brassicaceae species from  Hohmann et al. (2015) . Th ese 27 addi-
tions are representative species from Brassicaceae lineage I, lineage 
II, and expanded lineage II, according to  Beilstein et al. (2006) . Lin-
eage III is not represented; it is unlikely that including lineage III 
would have altered the results for our study focused on  Aethionema . 
To be consistent throughout all our analyses, we annotated the core 
group 27 chloroplasts in the same way as our own samples. Nucleo-
tide alignments were made for each gene with the MAFFT ( Katoh 
and Standley, 2013 ) plugin of Geneious v8.8 ( Kearse et al., 2012 ). 
We made one fi nal data matrix, the chloro-matrix, by concatenat-
ing the individual alignments with Sequence Matrix ( Vaidya et al., 
2011 ). Th e chloro-matrix consisted of 80 terminals with 59,360 
nucleotides (10,531 variable and 5959 parsimony informative 
sites). Appendix S2 shows for every terminal which genes are pres-
ent and their length. Th e used chloro-matrix alignment is given in 
Appendix S3. 
 We annotated the nuclear rDNA coding regions (18S, 5.8S, and 
26S), and ITS1 and ITS2 with  Brassica rapa as a reference. BlastN 
( Altschul et al., 1990 ), with E-value  ≤ e −10 and query identity  ≥ 50%, 
was used to check the newly generated rDNA sequences for bacte-
rial or fungal hits. None were found. Th e 5.8S, ITS1, and ITS2 se-
quences of 24 Brassicaceae core-group species—all present in the 
chloro-matrix—were downloaded from NCBI (Appendix S2). Th e 
alignment and concatenation of the rDNA-matrix was done simi-
larly as for the chloro-matrix. Th e data we generated included all 
present rDNA coding regions and ITS1 and ITS2, while the core 
group consisted only of the 5.8S, ITS1, and ITS2 sequences (Ap-
pendix S2). Th e fi nal rDNA-matrix consisted of 5857 nucleotides 
(206 variable and 443 parsimony informative sites) and 72 termi-
nals. Appendix S4 contains the used rDNA alignment. 
 Phylogenetic analyses — Phylogenetic trees for the chloro-matrix 
were inferred under maximum likelihood using RaxML v 8.2.4 
(GTR+GAMMA, random seed and 1000 bootstrap pseudorepli-
cates) on the CIPRES science gateway ( Stamatakis, 2014 ;  Miller 
et al., 2010 ). To assess whether partitioning a large data set with 
59,360 nucleotides has an eff ect on the support of the backbone of 
our phylogenies, we used biologically intuitive partitioning schemes 
as well as one objective assessed by a program. Four diff erent parti-
tioning schemes were compared: unpartitioned, partitioned by co-
don position (3 partitions), partitioned by coding region (76 
partitions), and one assigned by PartitionFinder ( Lanfear et al., 
2012 ). PartitionFinder v1.1.1 was used to fi nd a partition scheme 
among the 76 coding regions and their codon positions using the 
GTR models of RaxML for models of evolution and the Bayesian 
information criterion (BIC) for model selection with a greedy 
search scheme. Th e diff erent partition schemes were compared us-
ing the Akaike information criterion (AIC) following  Barrett et al. 
(2016) . Maximum Parsimony (MP) analyses were done in PAUP* 
4.0a150 ( Swoff ord, 2002 ) with tree bisection reconnection, 75 ran-
dom addition sequence replicates, 1000 jackknife replicates, and 
37% deletion probability. A majority rule consensus tree was made 
with a 50% cutoff  of all the saved trees. 
 For the rDNA-matrix, we used the same approach as for the 
chloro-matrix. Th e partitioning schemes here were unpartitioned, 
partitioned per gene, ITS regions vs. coding genes, and a Partition-
Finder scheme. Maximum likelihood analyses were run as described 
above for these partitioning schemes. In addition to a RaxML anal-
yses, we used MrBayes 3.2.6 ( Huelsenbeck and Ronquist, 2001 ; 
 Ronquist and Huelsenbeck, 2003 ) for a Bayesian inference of our 
phylogenies (250 million generations, on four chains, sampled 
every 250,000th generation, temp = 0.05 and diagnfreq = 5000) on 
the CIPRES science gateway. 
 Analysis of morphological characters — To assess whether the  Ae-
thionema clades could be characterized by morphological charac-
ters, we scored leaf shape (ovate vs. linear), fruit morph (dehiscent 
vs. heterocarpic), presence or absence of spines, and plant duration 
(annual vs. perennial) for the 46  Aethionema species using Flora 
Iranica, Flora of Turkey, publications of recently published species, 
and herbarium sheets ( Hedge, 1965 ,  1968 ;  Rechinger, 1968 ; 
 Ertuğrul and Beyazoğlu, 1996 ;  Pavlova, 2007 ). Ancestral character 
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reconstructions were analyzed in Mesquite ( Maddison and 
Maddison, 2015 ) with the likelihood model Mk1. If the likelihood 
model was equivocal on the sympleisiomorphic state, a parsimony 
analysis was run. To assess the correlation of heterocarpic infruc-
tescence and annual life form, we used Pagel’s test for correlated 
evolution ( Pagel, 1994 ). Pagel’s test for correlated evolution is a 
likelihood model and assesses covariance of changes in character 
states, where the transition rates of both characters are either inde-
pendent, or are correlated such that ancestral states in one charac-
ter affects the probability of change in other characters ( Tarvin 
et al., 2016 ). Statistical signifi cance was estimated with 1000 Monte 
Carlo simulations in Mesquite. 
 Divergence date estimates — We inferred a time calibrated phylo-
genetic tree using Bayesian methods to understand the timing of 
speciation of  Aethionema using the chloro-matrix. We used an un-
correlated relaxed molecular clock to account for rate variability 
among lineages as implemented in BEAST v1.8.3 ( Drummond 
et al., 2006 ,  2012 ), and BEAUti v1.8.3 ( Drummond et al., 2012 ) was 
used to create a XML fi le. Secondary calibration of the (lower and 
upper bound of 47.8–60.6 Mya) crown-node age of Brassicaceae 
was set as a uniform prior—including confidence intervals—
following the most recently published crown-node age of the Bras-
sicaceae ( Cardinal-McTeague et al., 2016 ) overlapping with other esti-
mates of the known crown-node age ( Beilstein et al., 2010 ;  Couvreur 
et al., 2009 ;  Edger et al., 2015 ;  Hohmann et al., 2015 ;  Huang et al., 
2015 ). Monophyly of the Brassicaceae family was constrained and 
the mean root height of the random starting tree was set to 53 Mya. 
Th e uncorrelated relaxed clock model had a lognormal distribution 
substitution rate prior, and the Yule speciation model as tree prior. 
We started seven Markov Chain Monte Carlo (MCMC) analyses of 
150 million generations each, sampling every 1000 steps. Four out 
of these seven analyses had a posterior and prior ESS > 200, as 
assessed in Tracer v1.6 ( Rambaut et al., 2014 ). Trees from these 
four runs were combined using LogCombiner v1.8.3 and summa-
rized in TreeAnnotator v1.8.3 with a 10% burn-in of 60,000 trees to 
get a maximum clade credibility tree with mean heights. 
 Historical biogeography reconstruction — To understand the geo-
graphical distribution and historical patterns of  Aethionema, we 
conducted an ancestral area reconstruction. Th e digitized herbar-
ium sheets available from the Global Biodiversity Information 
Facility ( GBIF, 2012 ) were used to estimate the geographical distri-
bution of all  Aethionema species included in this study. To recon-
struct the ancestral areas of  Aethionema, we used specimens 
belonging to  Aethionema sensu stricto (44 species), hence exclud-
ing the above-mentioned  Noccaea species. Many  Aethionema have 
been collected without GPS data, thus the location of collection and 
the coordinates were visually assessed from information directly on 
the herbarium sheets (Appendix S5, fi nal coordinates used per spe-
cies: Appendix S2). Of the used herbarium sheets, 41% have been 
curated in the last 15 years (Al-Shehbaz, Dönmez), reducing mis-
identifi cations ( Goodwin et al., 2015 ). 
 Our data showed that  Aethionema species are distributed from 
the Iberian Peninsula in the west, to Afghanistan and Turkmeni-
stan in the east, and from Switzerland in the north, to Tunisia in the 
south. We made 14 area delimitations based on species distribution 
and geography following the fl oristic regions of  Takhtajan (1986) 
and the ecoregions of  Olson et al. (2001) . Th ese regions followed 
geological barriers (mountains), containing at least two  Aethionema 
species following the spatial boundaries of the species as much as 
possible. Th e regions were as follows ( Fig. 2 ): (A) western Mediter-
ranean, (B) northeastern Mediterranean, (C) central Turkey, (D) 
west-central Taurus and Cyprus, (E) the Anti-Taurus, (F) northern 
Mesopotamia, (G) eastern Pontic mountain range, (H) lesser Cau-
casus area, (I) (anti) Lebanon mountain range, (J) Israel mountain 
ranges, (K) coastal areas of the Arabian plate and the northern Nu-
bian shield, (L) Alborz-Kopeh Dagh mountain range (Hyrcanian 
forests), (M) Zagros mountains, and (N) Hindu-Kush mountains. 
 Ancestral area reconstruction was done with S-DIVA and BBM 
in RASP v3.2 ( Yu et al., 2015 ), with maximally three areas allowed 
for both methods. For both analyses, we used 20,000 randomly se-
lected post burn-in trees from the combined BEAST analyses, and 
used the tree provided by LogCombiner as a condensed tree. For 
BBM analyses, we ran 30 million generations on four chains, sam-
pling every 10,000th generation, F81 as state frequency, and a 
gamma distribution for the among-site rate variation. To be certain 
that species with more than one representative in our phylogenetic 
tree would not bias the ancestral area reconstruction, we reduced 
each terminal to one representative. Hence, we excluded the dupli-
cate  Aethionema turcicum and  A. spinosum* from our RASP analy-
ses. Our focus here was to understand the dispersal and vicariance 
processes and the ancestral area of  Aethionema , hence, we excluded 
the core group from our historical biogeographical analyses. 
 RESULTS 
 Plastome and nuclear rDNA assemblies — Th e DNA and library 
preparation was done from herbaria and silica-dried materials on 
58 samples from 52  Aethionema specimens (50 diff erent species), 
fi ve  Noccaea species, and the outgroup species  Cleome droserifolia 
from the family Cleomaceae. Th e sequencing was successful for 
51 specimens, of which 45 were diff erent  Aethionema species (75% 
species coverage). Th e number of reads over all samples ranged 
from 92,784–103,154,570 before read trimming and quality checks. 
Th e number of reads decreases with the age of the herbarium sam-
ple (linear regression,  F 1,35 = 8.091,  p -value = 0.007,  Fig. 1A ), with 
number of reads ranging from 92,784–103,154,570, However, silica 
dried samples have a similar range (1,035,516–93,893,631). More-
over the negative correlation between age of the sample and quality 
disappears when mean coverage is taken as a metric ( Fig. 1B ,  F 1,35 = 
0.1389,  p -value = 0.712). Trimming and quality checks are incorpo-
rated in the IOGA pipeline ( Bakker et al., 2015 ) using Trimmo-
matic ( Bolger et al., 2014 ). Th e assembly length of the chloroplasts 
had a range of 123,681–228,766 bp with a read coverage ranging 
from 8.3–627.2 × . Th e average read coverage of 112.18 × corre-
sponds to 89% of the  Arabidopsis thaliana chloroplast (154,478 bp 
as present in CoGe ( Freeling et al., 2008 )). Th e percentage of chlo-
roplast reads present in the unfi ltered data set ranges from 0.99–
26.71%. Average GC content was 37.18% (SD  ± 4.78%), a bit higher 
than the GC content of the  A. thaliana chloroplast (36.3%). The 
number of coding regions ranged from 55–76 for  Aethionema 
species and from 36–76 coding regions for core-group species 
(Appendix S2). 
 We assembled the nuclear ribosomal DNA (rDNA) genes and 
Internal Transcribed Spacer (ITS) regions for 42  Aethionema spe-
cies, the fi ve  Noccaea species and  C. droserifolia . Th e quality of 
rDNA and ITS regions was too low for the other  Aethionema spe-
cies. Th e assembly length ranged from 6688–28,006 bp with a read 
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coverage from 20.1–1301.4 × . Th e length of the assembled rDNA 
sequences was on average 137%, compared to the  Brassica rapa ref-
erence. Th is is probably due to the iterative character of the assem-
bly pipeline that keeps assembling reads and expanding the contigs. 
However, as we retrieved the individual rDNA regions from our 
assemblies, the iterative character of the IOGA-pipeline did not 
have consequence for phylogenetic analyses or ancestral area 
reconstruction. 
 Phylogenetic reconstruction of Aethionema — To assess whether 
partitioning 59,360 markers (chloro-matrix) had an eff ect on the 
resolution of the backbone of the  Aethionema phylogeny, we used 
diff erent partition models varying between no partition to a per 
gene partition ( Table 1 ). Th e AIC values of the maximum likeli-
hood analyses showed the lowest score for the model found by Par-
titionFinder for the chloro-matrix, but were the lowest for the 
per-codon partition for the rDNA-matrix ( Table 1 ). Th e MrBayes 
analyses of the rDNA-matrix did not converge for two out of the 
fi ve partitions; hence, in addition to the RaxML analyses of the 
rDNA-matrix, we took only the MrBayes unpartitioned, ITS vs. 
coding genes partition, and per gene partitioning analyses into ac-
count (Appendix S6). Th e topology of the Brassicaceae core group 
in our study was the same as in  Hohmann et al. (2015) . Th e back-
bone of the  Aethionema chloroplast phylogeny was well supported 
by all partition models and by the parsimony analysis (Appendix 
S7A) for both the rDNA-matrix (Appendix S6) as well as the 
chloro-matrix ( Fig. 2 , Appendix S7B for branch lengths) support-
ing the three clades A, B, and C that  Lenser et al. (2016) found with 
only two chloroplast markers. Hence, partitioning our large data 
set does not have an eff ect on the already well-supported nodes. Th e 
apparent confl icting occurrence of  A. transhyrcanum in both clades 
B and C was the result of misidentifi cation of the sample in clade C 
from Afghanistan as such instead of  A. spinosum . Th e latter species 
grows in Afghanistan, whereas  A. transhyricanum does not. Fur-
thermore, the treatment of the two species as  Moriera for the Flora 
Iranica ( Hedge, 1968 : 101) erroneously treated them as conspecifi c, 
although they are distinct morphologically. Hence, we denote this 
sheet consistently as  A. spinosum*. 
 Th e A, B, and C clades can generally be distinguished by the 
shape of their leaves and by the presence or absence of spines 
( Fig. 2 ). Th e  Aethionema A clade includes all of the annuals as well 
as the heterocarpic species, and consists mainly of taxa with ovate 
leaves. Th e B clade consists mainly of species with linear shaped 
leaves. While oval leaves generally grade into linear leaves in other 
plant groups, the trait is essentially bimodal in  Aethionema . All the 
C clade species have spines. In contrast to  Lenser et al. (2016) , our 
data contained all known heterocarpic and spiny species and con-
sisted of many more markers. 
 Ancestral character reconstructions — The well-resolved deep 
nodes and branch lengths of our  Aethionema phylogenic hypothe-
ses make it possible to do a tentative ancestral character recon-
struction. We scored four characters: leaf shape (ovate/linear), 
heterocarpic fruits (presence/absence), annual vs. perennial, and 
the presence or absence of spines. 
 Likelihood analysis shows that annual life form and heterocarpic 
infructescence both have independently evolved two or three times 
( Fig. 3 ) in clade A. Th e exact number of origins of both characters 
depends on the resolution of the clade containing  A. saxatile ,  A. 
rhodopaeum , and  A. syriacum . Hence, perenniality and the pres-
ence of only dehiscent fruit are the ancestral traits for  Aethionema 
with proportional likelihoods of 0.99 for both traits. Pagel’s test of 
correlated character evolution analysis shows a correlation between 
annual plants and heterocarpic ones ( Δ [−log(Likelihoods)] = 7.73, 
 p -value = 0.0). Likelihood (proportional likelihood = 0.65) and par-
simony analyses both show that linear leaves are ancestral; they 
 FIGURE 1 Number of reads and mean average of coverage of sample age. (A) The number of reads by age of the sample until 2011. (B) Mean coverage 
of chloroplasts by the age of the samples until 2011. The dotted line in both graphs shows a linear regression with the confi dence interval depicted as 
a gray area around the line. 
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have probably been derived by  A. thesiifolium and  A. dumanii in 
clade A, and secondarily lost by  A. spicatum ,  A. thomasianum , and 
 A. umbellatum in clade B ( Fig. 3 , Appendix S8). Th e absence of 
spines seems to be sypleisiomorphic for  Aethionema ( Fig. 3 ) with a 
proportional likelihood of 0.75, although a parsimony analysis is 
equivocal on the ancestral state of this character (Appendix S8). 
 Divergence date estimates — Aethionema and the core Brassicaceae 
diverged in the Paleogene with the middle Eocene (~48 Mya, 95% 
HPD = 58.94–37.5 Mya) as its most probable date of origin (Ap-
pendix S9). Th e diversifi cation of the A, B clades from the C clade 
of  Aethionema have its most probable origin at the beginning of the 
Miocene (~24 Mya, 95% HPD = 34.58–14.61). Th is is in accordance 
with the diversifi cation of the lineages within the Brassicaceae core 
group (Appendix S9). Th e  Aethionema A and B clades started di-
versifying approximately ~9 Mya (A clade 95% HPD = 12.94–6.91, 
B clade 95% HPD = 14.52–6.31), while the diversifi cation of the 
C clade occurred approximately ~12 Mya (95% HPD = 20.62–5.92). 
Hence, the diversifi cation of  Aethionema species occurred in the 
Middle Miocene corresponding with orogeny of the mountain 
ranges in the western Irano-Turanian and the uplift  of the Anato-
lian and Iranian plateaus ( Manafzadeh et al., 2016 ). 
 Ancestral area reconstruction — In total we used 864 coordinates of 
 Aethionema and  Cleome droserifolia specimens for the ancestral 
area reconstruction (Appendix S2). In general, ancestral area re-
construction had low support (<50%), both with S-DIVA and BBM 
( Fig. 4 ).  Figure 4 shows the three regions with the highest probabili-
ties for all nodes of interest. Th e RASP results are added as supple-
mentary data (Appendix S10 and S11). Th e S-DIVA inferred, with 
strong support, that  Aethionema clade A originated mainly from 
the northeastern Mediterranean (region B, S-DIVA 93.04%, BBM 
24.92%), whereas BBM inferred this area (with low support) or the 
combination of region B and region C (the northeastern Mediter-
ranean and central Turkey, BBM 6.31%) is where this clade likely 
originated. Clade B was mainly inferred to originate from the Anti-
Taurus mountains (BBM; E = 4.61%) or from a combination of the 
eastern Pontic mountain range and the Anti-Taurus (S-DIVA; G = 
13.1%, E = 7.22%, and EG = 6.54%). According to the S-DIVA anal-
ysis, the spiny  Aethionema clade C does not have a distinct center 
of origin, because all the combinations of the Anti-Taurus moun-
tains, the eastern Pontic mountain range, the Hyrcanian forests, the 
Zagros Mountains, and the Hindu-Kush mountains have the same 
probability of 6.67%. However, the BBM analysis inferred the east-
ern Pontic Mountain range and the Hyrcanian forest (G = 15.84%, 
L = 9.83%, and GL = 8.11%) as the origin of the C clade. Th e most 
recent common ancestor of  Aethionema originated on the west side 
of the Anatolian diagonal (E and G) as shown by the BBM (E = 
8.1% and G = 7.5%) and the S-DIVA analyses (E = 47.14% and G = 
47.14%). Th e low probabilities and the lack of a coherent ancestral 
area reconstruction could be due to a complicated distribution pat-
tern among the  Aethionema clades ( Fig. 4 ). To explain the origin of 
current distribution patterns, the historical biogeographical analy-
sis inferred either 136 dispersal and 25 vicariance events (BBM 
analysis,  Fig. 4 ) or 109 dispersal and 20 vicariance events (S-DIVA 
analysis) for  Aethionema . Th ere are 43 internal nodes in the  Aeth-
ionema phylogeny (excluding the core group and the double termi-
nals). Hence, 32% (BBM) to 40% (S-DIVA) of the speciation events 
were followed by a dispersal event and probably allopatric specia-
tion. Th e dispersal events peaked three or four times throughout 
the  Aethionema evolutionary history. Th ese peaks occur aft er the 
major geological events in the Irano-Turanian region ( Fig. 4 ). 
 DISCUSSION 
 Th e Irano-Turanian region has been regarded as the potential cen-
ter of origin of the Brassicaceae family ( Hedge, 1976 ;  Franzke et al., 
2011 ) and is a hotspot of species diversity for this economically im-
portant plant family. Nevertheless, there are only a few studies, like 
the present one, exploring biogeographic patterns and evolution of 
ecologically important characters of plant groups in this area 
( Özüdoğru et al., 2015 and references therein). Using 76 chloro-
plast markers and the nuclear rDNA, we inferred a time-calibrated 
phylogeny showing that  Aethionema , the sister of the Brassicaceae 
core group, has diversifi ed along the Anatolian Diagonal and dis-
persed through the Irano-Turanian region in accordance to the 
timing of major geological events.  Aethionema species likely dis-
persed from the Anatolian Diagonal into the rest of the Western 
Irano-Turanian area. Th eir current distribution may have been 
caused by the closing of the connection of the Tethys Sea with the 
Indian Ocean, due to the full collision of the Arabian Plate into the 
Eurasian plate during the Miocene-Pliocene boundary ( Davis, 
1971 ). 
 In addition to  Aethionema, the Irano-Turanian regions seems to 
harbor the origin of lineages from the Brassicaceae core.  Mummenhoff  
et al. (2001) showed that Irano-Turanian and Mediterranean  Lep-
idium species sensu stricto, are never in a derived position in the  Lep-
idium phylogeny. Although this does not exclude local extinctions of 
 Lepidium species, they concluded that the genus  Lepidium has its 
center of origin in the Irano-Turanian and Mediterranean region at-
taining its current global distribution through migrations into North 
 TABLE 1. Partition models used in the maximum likelihood analyses for the chloro- and rDNA matrix. 
GTR model Partitioning No. Partitions a log e L Number of Free Parameters AIC
 Chloro-matrix Unpartitioned 1 −200558.61 166 401450.16
Partitioned per codon 3 −199167.71 184 398704.57
PartitionFinder 12 −191324.48 265 383181.35
Gene partition 76 −190930.67 841 383567.54
 rDNA-matrix Unpartitioned 1 −17693.13 150 35694.20
PartitionFinder 2 −16969.05 159 34265.02
ITSvsCoding Partition 2 −16969.05 159 34265.02
Gene partition 5 −16772.58 186 33929.44
Partitioned per codon 11 −16593.58 240 33687.75
 a , number of partitions used for a model. 
 Number of free parameters and the AIC values calculated after ( Barrett et al., 2016 ). 
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 FIGURE 2 Cladogram of ML analyses with  Aethionema traits. Cladogram based on the maximum likelihood analysis (GTR+GAMMA, unpartitioned) of 
the chloro-matrix (76 plastome coding regions). Numbers along the branches are the bootstrap values for diff erent partitioning schemes: unparti-
tioned/ per codon partition/ PartitionFinder/ partition per gene; *=100% bootstrap value. Bootstrap values in brackets show that the branch has an 
alternative relationship for that specifi c analysis. Icons along the  Aethionema clade show: linear/ovate leaves, heterocarpic species (two diff erent sized 
fruits), annual species (pink fl owers), and species with spines (spiny branch). 
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 FIGURE 3 Ancestral character reconstruction. Likelihood based ancestral character reconstruction of annual/perennial, heterocarpism (heterocarpic 
vs. only dehiscent infructescences), presence and absence of spines and linear vs. ovate shaped leaves. 
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America via the Bering Land Bridge and into Australia via long-
distance dispersal from western California, followed by hybridization 
with South African species ( Mummenhoff  et al., 2001 ,  2004 ;  Koch and 
Kiefer, 2006 ;  Dierschke et al., 2009 ). Using one nuclear marker and one 
plastome spacer,  Özüdoğru et al. (2015) indicated that the genus 
 Ricotia likely arose from the Antalya region or the Anatolian Diagonal. 
With a haplotype analysis,  Ansell et al. (2011) showed that  Arabis 
alpina had its origin and highest genetic diversity in Anatolia. More-
over,  Ansell et al. (2011) showed that the Anatolian Diagonal might 
have functioned as a bridge for the range expansion of  A. alpina . Not 
only species and genera had their origin in the Irano-Turanian region. 
 Karl and Koch (2013) showed that the diversifi cation of the tribe 
Arabideae happened most likely in Anatolia and the Levantine coast. 
 Hedge (1976) postulated that the most species-rich region is probably 
also the cradle of origin for a lineage. However, this hypothesis does 
not always hold up. For example, the Andes mountain range contains 
the highest species diversity of the largest Brassicaceae genus  Draba . 
However, the center of origin of  Draba correlates with the region 
with the highest genetic diversity: the Irano-Turanian region ( Jordon-
Th aden, 2009 ;  Jordon-Th aden et al., 2013 ). 
 Our plastome and nuclear rDNA phylogenies provide indepen-
dent evidence that the genus  Aethionema can be split in three main 
 FIGURE 4 Ancestral area reconstruction with dispersal/ vicariance analyses. Ancestral area reconstruction of  Aethionema along a geological time scale. 
Blocks on the right correspond with the distribution for the species at the tip. Gray is used as a background color, all other colors match with the areas 
in the inserted map. The three highest S-DIVA and BBM results are given for 15 nodes with colored blocks. The color corresponds with the probability 
of reconstructed ancestral area and the letter within the block the representing area. Colors corresponding to the probability of ancestral areas are 
given along the ancestral  Aethionema branch. Letters other than A–N denote the following: V= CH, BCN, BCG BCM, BCL, BCH, BCD, BC, C, BCF, CF, BCE; 
W= EGM, GM, EM, EMN, GLM, ELM, GMN, GLN, EGN, GN, EN, EL, ELN, EGL, GL; X= CDG, DEG, DFG, DG, DI, CDE, DEF; Y= BCF, BH, BCH, B, C, BF; Z = BDG, 
BDG. Geological events are shown with colored bars along the graph. They have been adapted from  Manafzadeh et al. (2016) . The graph on the lower 
left bottom shows the number of dispersal and vicariance events from the S-DIVA and BBM analyses. 
 J U LY  2017 ,  V O LU M E  104 •  M O H A M MA D I N  E T  A L .  — A N ATO L I A N O R I G I N S A N D D I V E R S I F I C AT I O N O F  A E T H I O N E M A  •  1051 
clades (A, B, and C). Th e three clades can generally be distinguished 
morphologically based on leaf shape and/or the presence of spines. 
Our results agree with the maximum likelihood analysis of  Lenser 
et al. (2016) , based on only two chloroplast markers and fewer taxa. 
Our phylogenies do not represent species relationships, because 
they are based on only a single individual from one species and lack 
coalescent modeling to estimate species boundaries. We have re-
solved some of the clade A polytomies, e.g., the relationships be-
tween the annuals, and clarifi ed the position of  A. karamanicum 
relative to  A. eunomioides in clade B. Moreover, we show that the 
perennial nonheterocarpic  A. dumanii is the outgroup of the main 
annual-clade. In concordance with the observations of  Lenser et al. 
(2016), we resolve that heterocarpic infructescence has two or three 
independent origins. However, contrasting  Lenser et al. (2016) to 
our ancestral character reconstruction shows that the annuals also 
originated independently twice. Moreover, an annual life form and 
a heterocarpic infructescence are correlated characters, as sug-
gested by the signifi cant result of  Pagel’s (1994) test. It should be 
noted that the number of changes (from dehiscent fruit to hetero-
carpic fruit; from perenniality to annuality) only occurs two or three 
times across our phylogeny. Pagel’s test has been demonstrated to 
give signifi cant support to associated evolution of characters even 
in the case of a limited number of origins ( Maddison and Fitzjohn, 
2015 ). In such cases, caution should be exercised not to attach too 
much importance to the suggested correlation as if it were indicat-
ing, for example, an adaptive link. Given the low number of occur-
rences, and hence the low power of the test, the independent origin 
of both characters and subsequent inheritance by descendant spe-
cies cannot be ruled out. Th is correlation might indicate an ecologi-
cal and/or fi tness advantage for having two fruit types, as well as 
being annual, a hypothesis that still needs to be tested. Although 
our likelihood analyses were equivocal on the ancestral state of leaf 
shape, our parsimony analysis shows that a linear leaf shape is the 
symplesiomorphic character. Our data are equivocal on the ances-
tral state of the presence or absence of spines. 
 Aethionema clade A probably originated from the western 
Anatolian/eastern Mediterranean region, while clade B had an 
Anatolian Diagonal origin, similar to the origin of  Aethionema 
( Fig. 4 ). Th e north/east–south/west orientation of the diagonal pro-
vides the connection between the east-west directed mountains of 
the Mediterranean and the Caspian Sea ( Médail and Diadema, 
2009 ;  Ansell et al., 2011 ). Th e Anatolian Diagonal has been shown 
to serve as a barrier for some animal species ( Gül, 2013 ;  Vamberger 
et al., 2013 ) or as a diversifi cation spot for other groups ( Stümpel 
et al., 2016 ). However, as  Davis (1971) already suggested, the 
Anatolian Diagonal might have served as a land bridge between 
east and west for plants. This hypothesis has been recognized for 
the Brassicaceae genera  Lepidium, Draba , and  Arabis, especially 
 Arabis alpina ( Mummenhoff et al., 2001 ;  Jordon-Thaden, 2009 ; 
 Ansell et al., 2011 ;  Karl and Koch, 2013 ) and in this research for 
 Aethionema. 
 Th e dispersal of  Aethionema happened mainly during the Pleis-
tocene when an ice sheet, which did not reach into the Mediterra-
nean and Irano-Turanian region ( Micó et al., 2009 ; Ansell et al., 
2011 ), covered the European continent. Th e temperate climate in 
the Irano-Turanian region during the glacial periods might have 
made it possible for  Aethionema species to disperse, because they 
tend to grow at high elevations and fl ower before the summer 
heat ( Bibalani, 2012 ).  Aethionema dispersed and probably went 
through allopatric speciation cycles, including hybridization and 
polyploidization, aft er the newly formed mountain ranges caused 
topographical heterogeneity in the Irano-Turanian region. Th e 
 Aethionema diversifi cation coincided with the Arabideae diversifi ca-
tion, the largest Brassicaceae tribe ( Karl and Koch, 2013 ). It has 
been hypothesized that the rapid radiation seen in the Brassicaceae 
might have been due to the evolution of novel traits ( Schranz et al., 
2012 ). Th e coevolution of the Pirideae butterfl ies and Brassicaceae 
defense compounds (glucosinolates) against the Pirideae caterpil-
lars is an example of a coevolved novel trait ( Edger et al., 2015 ). Our 
research puts the evolution of these novel traits in a time frame 
where local geological changes might have had a hand in the radia-
tion of a plant family and together with it the evolution of other 
kingdoms. However, this hypothesis still needs to be tested by as-
sessing radiation patterns of the different Brassicaceae lineages, 
including  Aethionema . 
 Our analyses place the crown-node age of the Brassicaceae in the 
Early Eocene, around 48 Mya. Th is is congruent with the estimates 
of  Beilstein et al. (2010 ; ~54.3Mya),  Huang et al. (2015 ; ~42 Mya), 
 Couvreur et al. (2009 ; ~38 Mya) and  Cardinal-McTeague et al. 
(2016 ; ~43.4 Mya) and earlier than found by  Edger et al. (2015) and 
 Hohmann et al. (2015) (both ~32 Mya). Th ere are two main meth-
ods to calibrate a divergence-time estimation, directly from the age 
of phylogenetically relevant fossils (primary calibration) or by 
using already published estimates (secondary calibration). When a 
secondary calibration method is used, the error rates should be 
taken into account ( Franzke et al., 2016 ). The presently known 
Brassicaceae fossils are from derived branches in the core group 
(see  Franzke et al. (2016) for an overview). Because our focus 
here is on the divergence of  Aethionema (a lineage without known 
fossils) we used the most recent calibration, including error 
rates, for the most recent common ancestor of the Brassicaceae 
and Cleomaceae ( Cardinal-McTeague et al., 2016 ). Our estimates of 
the divergence time of  Aethionema corresponds to the estima-
tions done until now ( Hohmann et al., 2015 ;  Huang et al., 2015 ; 
 Cardinal-McTeague et al., 2016 ), taking the confidence intervals 
into account ( Franzke et al., 2016 ). Although the cited studies were, 
at most, based on three  Aethionema species, their initial estima-
tions of divergence time overlap with our estimations with a 
dense species sampling. 
 We used a combination of silica dried and herbarium specimens 
to infer the chloroplast and nuclear rDNA phylogenies. Th e newest 
sequencing techniques make it possible to use natural history col-
lections in a phylogenetic context. Although fewer reads are recov-
ered from older specimens ( Bakker et al., 2015 , Fig. 1) there seems 
not to be an eff ect on the mean coverage and hence, the quality of 
the sequences. In addition, the samples that have been discarded in 
this study because of a lack of read coverage were silica dried sam-
ples, as well as herbarium samples. Hence, the age of a sample does 
not necessarily refl ect the success of sequencing. Herbarium speci-
mens have been used to investigate the movement of domesticated 
crops ( Ames and Spooner, 2008 ) and their pests ( Yoshida et al., 
2013 ;  Yoshida et al., 2014 ). Moreover, specimens in natural history 
collections can be from species that have been encountered only 
once ( Sebastian et al., 2010 ), are now extinct ( Zedane et al., 2016 ), 
or occur in areas that are hard to access, because of geographical or 
political issues, as is the case here. However, as already known for a 
very long time (but quantifi ed by  Goodwin et al. (2015) ) the un-
critical use of natural history specimens can lead to inaccurate re-
sults. Our herbarium samples were curated under supervision of 
the authors (Al-Shehbaz, Dönmez) and 41% of the herbarium 
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sheets used for the ancestral area reconstruction of  Aethionema 
were identifi ed by one of our researchers (Al-Shehbaz, Dönmez) in 
the last 15 years. Th e latitude and longitude data used for the ances-
tral area reconstruction were critically assessed by hand from all the 
available digitized herbarium sheets to be certain of the correct rep-
resentation in the data set (Appendix S5). 
 To conclude, we found that the center of origin of the genus  Ae-
thionema is most probably along the Anatolian Diagonal.  Aeth-
ionema dispersed throughout the Irano-Turanian region aft er the 
uplift  of the Iranian and Anatolian plateaus and the formation of 
the mountain ranges in Iran and Turkey. Being the sister lineage of 
the Brassicaceae core group,  Aethionema comprise an evolution-
arily important position for comparative studies within the Brassi-
caceae. Adding its phylogenetic history to the histories of other 
major Brassicaceae lineages, makes it possible for future researches 
to understand trait evolution within the Brassicaceae. 
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